Development of nervous tissue is a coordinated process of neural progenitor cell (NPC) proliferation and neuronal differentiation. Intracellular signalling events that regulate the balance between NPC proliferation and neuronal differentiation, therefore, determine the size and composition of nervous tissues. Here, we demonstrate that negative regulation of phosphoinosite 3-kinase (PI3K)-Akt signalling by phosphatase tensin homologue (Pten) is essential for maintaining NPC population in mouse retina. We found that mouse retinal progenitor cells (RPCs) lacking the Pten gene complete neurogenesis earlier than their normal developmental schedule, resulting in their premature depletion in the mature retina. We further discover that Notch intracellular domain (NICD) fails to form transcription activator complex in Pten-deficient RPCs, and thereby unable to support RPC maintenance. Taken together, our results suggest that Pten plays a pivotal role in retinal neurogenesis by supporting Notchdriven RPC maintenance against neurogenic PI3K-Akt signalling.
Introduction
The generation of neurons that compose vertebrate nervous system is accomplished by the repeated division of neural progenitor cells (NPCs; reviewed in Gotz and Huttner, 2005) . NPC division gives rise to daughter cells that either retain NPC characteristics or differentiate into specific types of neurons (reviewed in Gotz and Huttner, 2005 and Zhong and Chia, 2008) . Although the fates of NPC-derived cells increasingly diverge with successive cell divisions, the neuronal subsets in a given species are well conserved at both final and intermediate stages (Cepko et al, 1996; Edlund and Jessell, 1999; Livesey and Cepko, 2001; Cayouette et al, 2003) . This predictable feature of neural development has been explained by the existence of genetic programs that operate in a spatial-and temporal-specific manner to accurately control neuronal differentiation.
The mouse retina has been exploited as a model to investigate mammalian neurogenic programs. Using this model, it has been shown that six types of retinal neurons and Mü ller glia (MG) are generated in an ordered manner during development (Cepko et al, 1996; Harris, 1997) . It has been also suggested that the sequential production of retinal cells is mediated by serial changes in the competence of retinal progenitor cells (RPCs) over developmental time (Cepko et al, 1996; Harris, 1997; Livesey and Cepko, 2001; Raff, 2006) . Two hypotheses, which are not mutually exclusive, have been proposed to explain the transition in RPC competence. One emphasizes intrinsic control by genetic programs, and the other suggests that this transition is mainly influenced by changes in the local environment (Turner et al, 1990; Cepko et al, 1996; Cayouette et al, 2003) . The former argues that each RPC is predestined to generate specified types of retinal cells regardless of external conditions (Cayouette et al, 2003) , whereas the latter predicts that a single retinal cell type would be produced predominantly from RPCs if the environment remained constant (Livesey and Cepko, 2001) . A unified concept, which combines elements of both hypotheses, proposes that the developmental transition is governed by reciprocal interactions between intrinsic developmental programs and the local cellular environment (Cepko et al, 1996; Livesey and Cepko, 2001 ). For instance, extracellular factors produced by previously generated retinal neurons through the operation of intrinsic developmental programs could act as environmental factors to affect subsequently dividing RPCs (Wang et al, 2002; Kim et al, 2005; Liu et al, 2007) . The factors not only mean secreted factors, such as RGC-produced growth and differentiation factor 11 (GDF11), which promotes the differentiation of mouse RPCs into retinal neurons , and Wnts, which are secreted from ciliary margin or retinal pigment epithelium (RPE) to facilitate RPC proliferation (Cho and Cepko, 2006; Liu et al, 2007) , but also include cell-cell contact-dependent signalling mediated by Notch, which supports RPC or glial fate (Furukawa et al, 2000; Jadhav et al, 2006; Yaron et al, 2006) . However, multiple developmental signals might act simultaneously on RPCs to trigger distinct and specific intracellular signalling cascades to induce expression of unique target gene sets (Livesey and Cepko, 2001; Lamba et al, 2008; Agathocleous and Harris, 2009 ). Owing to this inherent complexity, it remains difficult to predict the final responses of RPCs to individual inputs.
In contrast to the complexity of input signals, responses of RPCs could be generalized, either through maintenance of progenitor characteristics that allow cells to re-enter the cell cycle or through differentiation into specific types of neurons after exiting from the cell cycle (Lamba et al, 2008; Agathocleous and Harris, 2009 ). We, therefore, hypothesized that concomitantly acting external signals merge at common intracellular signalling hubs, the activities of which determine the relative dominance of RPC maintenance versus neuronal differentiation. A number of ubiquitously distributed intracellular signalling pathways, including cyclic AMP (cAMP)/protein kinase A (PKA), phosphoinositide-3 kinase (PI3K)-Akt, phospholipase C (PLC)-protein kinase C (PKC), and mitogen-activated protein kinase (MAPK) signalling pathways, have been proposed to act as feasible intracellular signalling hubs for multiple developmental cues on the basis of their ability to respond to multiple external factors and control cell proliferation and differentiation (Cantley, 2002; Stork and Schmitt, 2002; Engelman et al, 2006; Hui et al, 2007; Raman et al, 2007; Chiaradonna et al, 2008; Gould and Newton, 2008) .
The PI3K-Akt signalling pathway has been shown to integrate multiple developmental signals, including sonic hedgehog (Shh), Wnt, fibroblast growth factor (FGF), and insulin-like growth factor (IGF) (Fischer et al, 2002; Peng et al, 2004; Fischer, 2005; Riobo et al, 2006; Peltier et al, 2007; Wolf et al, 2008) in various cell types, and thereby support cell growth, proliferation, and survival. Interestingly, PI3K-Akt signalling activity is strongly enriched in post-mitotic retinal neurons than in RPCs. This intriguing observation prompted us to investigate the regulatory role of the PI3K-Akt signalling pathway in retinal neurogenesis, using mice in which the phosphatase tensin homologue (Pten) gene is specifically eliminated from developing RPCs. The resulting absence of Pten, which negatively regulates Akt, leads to constitutive activation of Akt in these cells. Pten-deficient RPCs hyperproliferated during development, but were prematurely depleted in the mature retina. Neurogenesis from Pten-deficient RPCs was enhanced, leading to earlier completion of retinal development than normal schedule. We found that the activity of the Notch signalling pathway was decreased in the Pten-cko retina due to inhibition of the Notch transcription complex formation. Collectively, our results show that Pten regulation of PI3K-Akt signalling is a critical component of the intracellular signalling that coordinates retinal neurogenesis and RPC maintenance.
Results

Specific enrichment of Akt activity in post-mitotic retinal neurons
To delineate intracellular signalling pathways that might serve as key determinants of the relative dominance of RPC maintenance versus neuronal differentiation in mouse retinas, we examined the activities of various intracellular signalling pathways by immunostaining with phospho-specific antibodies that recognize the active form of the corresponding signalling components (data not shown). These preliminary experiments revealed that the immunofluorescence signal for active PI3K-Akt signalling pathway, examined using an anti-phospho-Akt[S473] (pAkt) antibody (Alessi et al, 1996) , was inversely correlated with RPCspecific Chx10 expression (Chen and Cepko, 2000) and closely overlapped with the expression of post-mitotic neuron-specific Islet1 (Elshatory et al, 2007; Figure 1A) . These results suggest a potential role for PI3K-Akt signalling in the neuronal differentiation of RPCs.
Robust expansion of Pten-deficient cell population in Pten-cko retina We, therefore, investigated the role of the PI3K-Akt signalling pathway in RPCs by modulating its activity in vivo. Pten, which encodes a major cellular phosphoinositide 3-phosphatase that opposes PI3K activity (reviewed in Salmena et al, 2008) , is broadly expressed in developing and adult mouse retina , and it regulates regeneration of RGC axons and structural integrity of RPE . However, the roles of Pten in developing mouse retina have not been assessed.
The Pten gene was specifically deleted in RPCs by crossing Pten-flox mice (Suzuki et al, 2001 ) with Pax6 a-Cre (Pax6-aCre) mice (Marquardt et al, 2001) , in which expression of Cre recombinase and internal ribosome entry site (IRES)-linked enhanced green fluorescent protein (EGFP) is driven by the Pax6 a-enhancer in the distal RPC population ( Figure 1B) . We then obtained Pten flox/flox ;Pax6-aCre (Ptencko) mice that are predicted to maintain constitutively increased Akt activity specifically in Pax6 a-enhancer-positive distal RPCs and their derivative retinal cell lineages. As expected, Pten was eliminated in E14.5Pax6-aEGFP-positive distal RPCs ( Figure 1C , upper row; split colour channel images are shown in Supplementary Figure S1) ; and consequently, pAkt level was elevated in the area ( Figure 1C , bottom row).
We anticipated that this manipulation would allow us to compare the developmental patterns of the genetically modified distal area with that in unaffected proximal areas of the same retina. However, Pten-deficient cells were not simply restricted to the distal retina of Pten-cko mice. Using the Cre recombinase-sensitive ROSA26-lacZ reporter (R26-lacZ; Soriano, 1999) to indirectly trace cells that had undergone Cre-mediated deletion of Pten, we found that the R26-lacZpositive region in the E14.5 Pten-cko retina extended into the proximal region, a presumed Pax6 a-enhancer-negative region ( Figure 1D ). This unexpected proximal expansion of Pten-deficient cells was more evident in the postnatal day 4 (P4) retina, which was entirely R26-lacZ positive and Pten deficient (Supplementary Figure S2) .
Premature depletion of hyperproliferating Pten-deficient RPCs
The increase in Pten-deficient cells in the Pten-cko retinas might have resulted from either hyperproliferation or enhanced cell survival, both of which are strongly supported by PI3K-Akt signalling pathway (reviewed in Cantley, 2002; Engelman et al, 2006 and Salmena et al, 2008) . There were indeed fewer apoptotic (TUNEL positive) cells among the P5 Pten-deficient retinal cells, which were R26-lacZ positive, than among the R26-lacZ-negative normal retinal cells (Supplementary Figure S3) . These results indicate that the predominance of Pten-deficient retinal cells in the postnatal Pten-cko retina might be a reflection of their enhanced survival or their non-autonomous induction of cell death in neighbouring wild-type retinal cells.
We also found that there were more proliferating retinal cells in embryonic and neonatal Pten-cko retinas than in the retinas of corresponding wild-type littermates, as detected by incorporation of the thymidine analogue, bromodeoxyuridine (BrdU) ( Figure 2A , upper row; Figure 2B ) or by counting phospho-histone H3 (pH3)-positive mitotic cells (Supplementary Figure S4 ). Pulse-chase labelling with other thymidine analogues, chlorodeoxyuridine (CIdU), and iododeoxyuridine (IdU), further indicated that, on average, the cell-cycle period of cells in Pten-cko embryonic retinas was also shorter (Supplementary Figure S5) . Faster accumulation of Ptendeficient cells compared with wild-type cells, resulting from a combination of shortened RPC cell-cycle period and increased number of dividing RPCs, therefore likely caused the proximal expansion of Pten-deficient cells in the Pten-cko retina.
However, by P4, the number of BrdU-positive proliferating cells in Pten-cko retinas had rapidly decreased to a level even less that in the retinas of Pax6-aCre littermates ( Figure 2A , bottom row; Figure 2B ). The number of Sox2-positive RPCs in Pten-cko retinas at this stage was also significantly reduced (Figure 2C and D) . Mutant retinas did not show a subsequent recovery in the number of proliferating cells. Thus, these results indicate that Pten-deficient RPCs hyperproliferated during development, but prematurely lost their potential to generate retinal cells during the postnatal period. The loss of postnatal RPCs in Pten-cko mice often led to retinal degeneration, which was observed in B28% of adult Pten-cko mice (data not shown).
Reduced MG numbers in Pten-cko retinas
The neurogenic schedule in the mouse retina is well defined, with specific retinal cell types being predominantly generated during delimited developmental periods (Livesey and Cepko, 2001) . Therefore, the dramatic change in proliferation potential of Pten-deficient RPCs during development might influence the composition of the retina through a gain in earlyborn retinal cells, such as retinal ganglion cells (RGCs), amacrine cells (ACs), horizontal cells (HZs), cone photoreceptors (cPRs), and rod photoreceptors (rPRs), and/or loss of late-born retinal cells, such as bipolar cells (BPs) and Mü ller glial cells (MGs). To address this possibility, we examined the distribution of retinal cells in Pax6-aCre and Pten-cko retinas 5 Pten-cko mouse retina was indirectly examined by X-gal staining (blue) that detects b-galactosidase expressed by R26-lacZ reporter (R26-lacZ) gene cassette upon the Pax6-aCre-dependent recombination. The area that was unaffected by the Pax6-aCre-dependent recombination (X-gal-negative inside area of the cone) was reduced to 461 angle in E14.5 Pten-cko;R26R retina from 831 angle at the equivalent position of littermate Pax6-aCre;R26R retina. RBL, retinoblast layer; GCL, ganglion cell layer. Scale bars in the pictures represent 50 mm. Dashed lines in the pictures represent retina-RPE borders.
at P8, a time when most retinal cell types have already been generated but they have not started daily visual activity yet. The numbers of early-born cells, including RGCs, ACs, and HZs, as well as the number of late-born BPs in Pten-cko retinas were not significantly different from those in Pax6-aCre retinas . In contrast, the number of MGs in Pten-cko retinas was reduced by B33% compared with that in Pax6-aCre retinas, and there was a complementary increase of B27% in the number of PRs ( Figure 3I-M) . However, the increased PR numbers were not be able to persist until adult Pten-cko retinas, of which PRs were decreased about 17% of Pax6-aCre or Pten-flox littermates' retinas (data not shown).
Accelerated development of Pten-cko retinas
In contrast to the unchanged final composition of retinal neurons, except for the reduced MG cell numbers, in Ptencko mice, the numbers of retinal neurons in developing Ptencko mice were higher than those of littermate Pax6aCre mice. The numbers of cells expressing markers for the early-born cell types, RGCs, ACs, and HZs, were significantly increased in E12.5 Pten-cko retinas ( Figure 4A , left two columns). There was also an enhanced development of Recoverin-positive PRs ( Figure 4A , centre column) or PKCa-positive BP cells ( Figure 4A , right first column) in E16.5 or P7 Pten-cko retinas, respectively. Furthermore, this interesting developmental acceleration in Pten-cko retinas was also observed in MG cells. In contrast to results obtained at P8, when the numbers of MGs and MG precursor cells in Pten-cko retinas were decreased ( Figure 3L ), at P4, more glutamine synthase (GS)-positive mature MG cells were detected in Pten-cko retinas than in the Pax6-aCre retina ( Figure 4A , second right column).
Because pAkt immunoreactivity was strongly enriched in post-mitotic neurons, but less in RPCs ( Figure 1A ), the hyperactivation of Akt upon Pten deletion might result in the accelerated neuronal differentiation of RPCs by facilitating the expression of neuronal markers in the cells ( Figure 4A and B). In support of this, staining for the neuron-specific marker Tuj1 (class III b-tubulin) showed that not only the number of post-mitotic neurons in E12.5 Pten-cko retinas, but also the number of EGFP-positive RPCs, which are positive for Tuj1 neuronal marker, was also increased in Pten-cko retinas, whereas EGFP-positive Pax6-aCre RPCs were virtually negative for this marker ( Figure 4C and D) . Taken together, these results suggest that accelerated neuronal development in the Pten-cko retina may be mediated by premature expression of neuronal genes in RPCs.
Reduced Notch signalling in Pten-cko retinas Premature retinal neurogenesis and defective maintenance of RPCs and MGs, both of which are prominent phenotypes of the Pten-cko retina, have also been described as developmental consequences of impaired Notch (Jadhav et al, 2006; Yaron et al, 2006; Nelson et al, 2007) . Supporting the correlation of Notch signalling in impaired RPC maintenance, the level of Hes1 (hairy/enhancer of split 1), which is known to be a key downstream target of the Notch (Ohtsuka et al, 1999) , was significantly reduced in E14.5 Pten-cko retina ( Figure 5A ). Furthermore, Hes1 expression and pAkt positiv- ity were mutually exclusive in developing retina ( Figure 5B ), suggesting a negative relationship between these two attributes.
We, therefore, examined whether the expression of Notch1, which is major Notch isoform expressed in RPCs (Jadhav et al, 2006; Yaron et al, 2006; Nelson et al, 2007) , and its ligand delta-like 1 (Dll1) were changed in Pten-cko retinas. Both of Notch1 and Dll1 did not show significant changes in E14.5 Pten-cko retinas in comparison with those in Pax6-aCre littermate retinas, in contrast to remarkable reduction of Hes1 in Pten-cko retinas (Supplementary Figure S6) . These results, therefore, suggest the enhanced neurogenesis and premature depletion of RPCs in the Pten-cko retina were likely caused by reduced Notch intracellular signalling activity rather than transcriptional inhibition of Notch or Dll1.
Inefficient Notch transcription complex formation in Pten-cko retinas Notch signal transduction is initiated by cleavage of Notch in the juxtamembrane domain by g-secretase upon binding to Notch ligands; the resultant Notch intracellular domain (NICD) is released from the plasma membrane and enters the nucleus to activate target gene expression (Selkoe and Kopan, 2003) . We, therefore, investigated whether the reduced Notch signalling in Pten-cko retina was caused by defective processing of Notch. The amount of full-length Notch1, Notch1 extracellular domain truncated form (N1-TM), and NICD in P0 Pten-cko retinas, however, were largely unchanged in comparison with those of littermate Pten-flox retinas ( Figure 5C ). On the basis of these data, we conclude that the reduction in Hes1 expression in the Pten-cko retina was not caused by defective ligandinduced processing of Notch, but might have resulted from impaired NICD activity.
In the nucleus, NICD interacts with the transcription factors CBF1 (C promoter-binding factor 1)/RBP-Jk (recombination signal-binding protein 1 for J-kappa) to activate target gene expression (Selkoe and Kopan, 2003) . The NICD-CBF1 complex interacts with the scaffold protein Mastermind (MAM), which then recruits a transcription co-activator complex that contains the histone acetyl transferase (HAT) p300/CREB binding protein (CBP), to enhance transcription of target genes further (Fryer et al, 2002 (Fryer et al, , 2004 . To elucidate the regulatory roles of Pten and PI3K-Akt signalling in NICD activity, we examined the transcription complex formation among NICD, CBF1, and Mastermind-like 1 (MAML1) in P0 Pten-flox or Pten-cko mouse retinas by co-immunoprecipitation. The results indicate that the association of NICD with MAML1 as well as CBF1 was significantly reduced in the Ptencko retinas ( Figure 5D ). The results, therefore, suggest that the reduced expression of Notch target Hes1 in Akt-hyperactive Pten-deficient RPCs might be correlated with the inefficient interaction of NICD with CBF1 transcription factor and MAML1 transcription co-activator. We further found that hyperactivated Akt might be responsible for the inhibition of Notch transcription activity in the Pten-cko retinas. We reconstituted a cellular environment similar to that of the Pten-cko retina by co-expressing NICD with constitutively active Akt (Akt(CA)) in rat retinal progenitor R28 cells, and examined the effects of Akt activation on NICD transcription activity. We found that Akt(CA) markedly decreased NICD-induced Hes1-luciferase expression, whereas kinase inactive Akt[K179M] (Akt(KM)) slightly increased it (Supplementary Figure S7) . We also found that the interaction between NICD and MAML1 was inhibited in R28 cells that co-express Akt(CA) (data not shown). These biochemical observations are consistent with our in-vivo observation that the expression of Hes1 was significantly reduced in the Akt-hyperactive Pten-cko retinas, where NICD transcription complex formation was inhibited ( Figure 5 ).
Rescue of developmental defects in Pten-cko retina by ectopically expressed NICD
To determine whether reduced NICD transcription activator complexes is a prerequisite for the enhanced neurogenesis and RPC depletion observed in the Pten-cko retina, we ectopically supplemented Pten-deficient RPCs with the Notch1 intracellular domain (NICD), an activated form of Notch1 (Struhl and Adachi, 1998; Selkoe and Kopan, 2003) . To accomplish this, we bred Pten-cko mice with ROSA26-NICD-IRES-nEGFP (R26-NICD) mice, which overexpress NICD upon Cre-mediated excision of a loxP-flanked STOP fragment (Murtaugh et al, 2003) . The number of pH3-positive mitotic nuclei, which were depleted in Pten-cko retinas, was greatly increased in the retinas of R26-NICD;Pten-cko mice ( Figure 6A , top row column; quantified data are shown in Figure 6B ). The ectopic expression of NICD also recovered the Sox2-positive RPC population in the retina ( Figure 6A , middle row; Figure 6B ). Furthermore, the MG population, which was reduced in the Pten-cko retina ( Figure 3L ), was significantly increased in the R26-NICD;Pax6-aCre retina (data not shown). In addition, the size of the rhodopsin-positive rPR population, which was increased in the retinas of Pten-cko mice, was normalized in the retinas of P4 R26-NICD;Pten-cko mice ( Figure 6A , bottom row; Figure 6B ). Taken together, these results indicate that both the premature depletion of RPC populations and the accelerated neuronal development in Pten-cko retina are due, at least in part, to impaired activation of the Notch signalling pathway.
Discussion
Premature depletion and hyperproliferation, similar to that observed here in Pten-deficient RPCs, have also been observed in Pten-deficient haematopoietic stem cells (HSCs; Yilmaz et al, 2006) . Just as Pten-deficient RPCs were eventually depleted in the mature retina, Pten-deficient HSCs (except for leukaemiainitiating cells) gradually lose their potential for further division. Pten may act in this capacity by decelerating the rate of cell division and consequently reducing the number of cell divisions, thereby preventing cells from prematurely reaching their division limit. Consistent with this mode of action, the loss of Pten results in overproduction of cells during both blood development and retinal development. Taken together, these results suggest that Pten plays a general role in preserving the stem cell populations necessary for extended production of mature cells in a variety of tissues, although it remains to be determined whether Notch is also an obligate downstream target of Pten in HSCs.
As summarized in Supplementary Table S1 , activated Notch signalling contributes to RPC maintenance by preventing their premature exit from the cell cycle, whereas PI3K-Akt activation mainly facilitates RPC proliferation by accelerating cell-cycle progression. These two signalling events cooperate to develop retinoblastoma in Pten-cko;R26-NICD mice, of which RPCs kept both signalling pathways on hyperactive (Figure 6 ). In normal developing condition, however, these two signalling Ectopic NICD rescues developmental defects in Pten-cko retina. (A) The NICD was ectopically expressed in Pax6-aCre and Pten-cko mouse retinas upon Pax6-aCre-mediated excision of loxP-STOP-loxP gene cassette (Murtaugh et al, 2003) . The decreased mitotic index, which was measured by counting the number of pH3-positive cells (top row), in P4 Pten-cko retina was recovered to a greater extent by ectopic expression of NICD than that of littermate Pax6-aCre retina. Sox2-positive RPCs (middle row), which were depleted in P4 Pten-cko retinas, also increased upon expression of NICD, whereas the number of prematurely differentiated Rhodopsin-expressing rPRs (bottom row, arrowheads) in Pten-cko retinas was decreased to normal levels. The dashed lines in the pictures denote the borders between retina and RPE. Scale bars, 50 mm. (B) Graph presents cells, which are positive to pH3, Sox2, or Rhodopsin in retinal sections of P4 Pax6-aCre, Pax6-aCre;R26-NICD, Ptencko, or Pten-cko;R26-NICD littermate mice, including the images shown in (A). The values are averages in five different images obtained from three independent litters. Error bars are s.d. *P-value o0.005; **P-value o0.001 (Student's t-test). P-values for each marker obtained by one-way ANOVA test were o0.005 (results not shown).
events conflict with each other, especially when it comes to determining the fates of two daughter cells asymmetrically. Activated Notch signalling prevents daughter cells either from re-entering the next cell cycle prematurely or from exiting the cell cycle prematurely; therefore, RPC division speed is significantly retarded as observed in the Pax6-aCre;R26-NICD embryonic retina (data not shown). This results in the prolonged maintenance of RPCs in Pax6-aCre;R26-NICD mice, a majority of which continued to be capable of dividing during the postnatal period (Figure 6 ). In contrast, activated Akt in the Pten-cko retina interferes with the Notch-induced preservation of RPC fate by inhibiting Notch transcription activator complex formation ( Figure 5D ). Impeded Notch signalling, thus, fails to support the preservation of progenitor characteristics in daughter cells during asymmetric cell division, and cannot prevent these cells from differentiating prematurely (Figure 4) . Therefore, Pten supports Notch signalling by negatively regulating Akt activity, and consequently prevent premature depletion of RPCs.
However, this protection of Notch by Pten might be only temporary, owing to feedback inhibition of Pten expression by the Notch pathway (Palomero et al, 2007) . Once the Notch target Hes1 has accumulated sufficiently to maintain progenitor fate, it initiates a negative feedback loop by inhibiting expression of Pten (Palomero et al, 2007) ; this consequently restores the negative effects of Akt on Notch. Hes1-induced Pten repression is then also released, and Pten starts to reaccumulate until it reaches a level sufficient to inhibit Akt again (summarized in Figure 7A ). The repeated operation of this feedback circuitry generates neurons and also maintains RPCs through the asymmetric acquisition of fates upon RPC division. If one of these key components is missing, the feedback loop cannot properly return to its starting point. In the Pten-cko retina, post-mitotic neurons therefore continue to accumulate due to a failure to maintain RPC fate (summarized in Figure 7B ).
Previous studies have proposed that the repression of Notch transcriptional activity by PI3K-Akt signalling has been proposed to result from the cytoplasmic retention of NICD (Baek et al, 2007; Song et al, 2008) . However, it is unclear for significant changes in the nuclear-cytoplasmic distribution of NICD in Pten-cko mouse retinas (data not shown). Instead, we found that the Akt-induced inhibition of NICD activity likely resulted from interference with Notchinduced transcription activator complex formation with CBF1 and MAML1 ( Figure 5D ). It has been proposed that the phosphorylation-dependent regulation of NICD involves in disassembly of NICD transcription complex by facilitating NICD ubiquitination (Fryer et al, 2004; Chiang et al, 2006) . NICD has no conserved Akt phosphorylation target sequences, however, the possibility that Akt interferes with NICD transcription complex formation by inducing NICD phosphorylation cannot be excluded.
The opposing roles of PI3K and Pten in controlling retinal neurogenesis that we describe in the mouse are consistent with previously reported effects on the movement of the morphogenetic furrow during Drosophila retinal neurogenesis (Gao et al, 2000; Bateman and McNeill, 2004) . Just as the activated PI3K-Akt signalling pathway in Pten-cko mice stimulated retinal neurogenesis, activation of Akt by mosaic expression of the PI3K catalytic subunit dp110, or by dPten inactivation in Drosophila eye imaginal discs propels the neurogenic wave forward to encompass neighbouring wild-type cells (Bateman and McNeill, 2004) . Insulin was shown to stimulate Drosophila retinal neurogenesis by activating the PI3K-Akt signalling pathway, which then targets the downstream effecter mTOR (Bateman and McNeill, 2004) . However, the roles of insulin and mTOR as upstream and downstream components, respectively, of PI3K-Akt signalling in mouse retinal neurogenesis have not yet been clarified.
In this study, we investigated the role of the PI3K-Akt signalling pathway as an intracellular neurogenic signalling hub in RPCs. We found that Notch signalling is one such signal that could be integrated into the PI3K-Akt signalling pathway in RPCs through a feedback regulation loop. Although the PI3K-Akt signalling pathway and its negative Figure 7 Pten plays a pivotal role in retinal neurogenesis by supporting temporal activation of Notch signalling in RPC. Pten supports Notch signalling by negatively regulating Akt that inactivates NICD transcription complex formation. The accumulated Notch transcription activator complex composed of CBF1, NICD, MAM, and CBP/p300 then induces the expression of downstream target genes including transcription repressor Hes1, one of which downstream target is Pten, to prevent RPCs from prematurely differentiating. As a result of Hes1-induced repression of Pten, Akt is reactivated to turn the Notch-induced transcriptions off, and consequently RPCs start to differentiate. Upon the disassembly of Notch transcription activator complex, Hes1 cannot be accumulated to repress Pten expression, and re-expressed Pten start to inhibit Akt. This feedback regulation loop coordinates retinal neurogenesis and RPC maintenance (A). In Pten-deficient RPCs, this feedback loop is broken. Consequently, the NICD fails to form transcription activator complex that is necessary for RPC maintenance (B).
regulator Pten played essential roles in determining the fate of RPCs through crosstalk with Notch signalling, there are likely to be additional upstream as well as downstream factors that interact with the PI3K-Akt signalling cascade to influence retinal neurogenesis, including Shh (Riobo et al, 2006; Peltier et al, 2007) , Wnt (Peng et al, 2004; Wolf et al, 2008) , FGF (Fischer et al, 2002; Fischer, 2005) , and IGF (Fischer, 2005) . Downstream as well as upstream events that transduce the evolutionarily conserved neurogenic PI3K-Akt signalling cascades in the mouse retina, therefore, warrant further investigation.
Materials and methods
Mice
Pten-flox mice were bred with Pax6-aCre mice to generate Pten-cko mice (Marquardt et al, 2001; Suzuki et al, 2001) . The distribution of cells underwent Cre-mediated recombination in Pax6-aCre and Ptencko retinas was traced by breeding these mice with R26R-lacZ mice and assessing Cre-dependent R26-lacZ expression by X-gal staining (Soriano, 1999) . The rescue of retinal abnormalities in Pten-cko mice by NICD was examined by breeding Pax6-aCre and Pten-cko mice with R26-NICD mice (Murtaugh et al, 2003) .
Immunohistochemistry
After anaesthetizing pregnant mice by intraperitoneal injection of tribromoethanol (Avertin), embryos were isolated and fixed in a 4% PFA/PBS solution. Anaesthetized postnatal mice were perfused with a 4% PFA/PBS solution to fix the tissues. Embryos or eyes isolated from the mice were further fixed with 4% PFA/PBS in 41C for 2 h, and then incubated in a 20% sucrose/PBS solution at 41C for 16 h before embedding in OCT medium and freezing on dry ice. Sections (10-14 mm; horizontal axis) of frozen tissues on slides or transfected cells grown on coverslips were blocked with 5% normal donkey serum and 5% normal goat serum in PBS/1% Triton X-100 prior to incubating with appropriate primary antibodies (Supplementary Table S2 ) at 41C for 16 h. The samples were then stained with Alexa488-, Cy3-, or Cy5-conjugated secondary antibodies, and subsequently analysed by confocal microscopy (Zeiss LSM510, LSM710, and Olympus FV1000). The cells stained with each antibody were counted, and statistical significance of values was determined by Student's t-test or analyses of variance (ANOVA) test.
BrdU labelling of proliferating cells or CldU/IdU double labelling to detect the re-entry of cell cycle
The pregnant or postnatal mice were injected with 5-bromo-2 0 -deoxyuridine (BrdU; 30 mg/kg) into their peritoneal cavity at 3 h prior to the isolation of embryos or eyes. For the double labelling with CldU and IdU, the mice were injected with 5-chloro-2 0 -deoxyuridine (CldU; 30 mg/kg) at 16 h before injecting with 5-iodo-2 0 -deoxyuridine (IdU; 30 mg/kg) followed by incubation for 3 h. The isolated samples were fixed in 4% paraformaldehyde (PFA)/ phosphate-buffered saline (PBS) at 41C for 16 h, and incubated in 20% sucrose/PBS for another 16 h prior to embedding into the OCT freezing medium. The sections of the frozen tissues were further fixed in 4% PFA/PBS for 5 min, and washed with PBS three times for the subsequent treatment with 2N HCl for 30 min. The samples were then neutralized their pH by immersing in 0.1 M borate buffer (pH 8.0) for 5 min three times, and then were subjected to the regular immunohistochemistry procedures described in below.
X-gal staining
Eyes isolated from mice that carried the R26R-lacZ allele were fixed with 4% PFA/PBS on ice for 30 min, and then incubated in 20% sucrose/PBS at 41C until they sunk to the bottom of the solution. OTC-embedded frozen samples were sectioned onto slides (16-mmthick slices). Slides were then washed three times with cold PBS, and incubated in X-gal staining solution for 16 h at 371C as reported previously (Mui et al, 2005) .
In-situ RNA hybridization Mice were perfused with 4% PFA in DEPC-treated PBS, and the embryonic heads or isolated postnatal mouse eyes were further fixed in the same solution for 16 h at 41C. The tissues were then embedded in OCT medium after incubating in 20% sucrose/PBS for 16 h at 41C. Frozen tissues sections (16 mm) were analysed by in-situ RNA hybridization as described previously with some modification (Mehler, 2002) . Expression of the mRNA of interest in the retina was detected by hybridizing the sections with digoxigenin-11-(2 0 -deoxyuridine-5 0 )-triphosphate (DIG-11-dUTP)-labelled RNA prepared from the corresponding cDNAs, and then assessing the activity of alkaline phosphatase conjugated to the labelled RNA-bound antidigoxigenin (DIG) antibody.
Cell culture, transfection, and luciferase assay Rat retinal progenitor R28 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS). Cells were transfected with Lipofectamine Plus (Invitrogen) as recommended by the manufacturer. For reporter assays, a CBF1 reporter DNA construct containing a Hes1 promoter sequence fused to the firefly luciferase cDNA was co-transfected with DNA constructs of interest (Jarriault et al, 1995) . Cells were also cotransfected with pSV-b-galactosidase to normalize luciferase activity to the transfection efficiency in each sample. After 24 h, extracts from transfected cells were prepared and processed using the Luciferase Assay System (Promega) and luciferase activity was measured in a Microlumat LB 96P Luminometer (Berthold).
Co-immunoprecipitation
Neonatal (P0) Pten-flox or Pten-cko mouse eyes were isolated, and their lenses were removed. The retinas were then smoothly squeezed out from the enucleated eyes, and were immediately kept in frozen until confirming their genotypes. Littermate mouse retinas with same genotypes were then collected for the lysis in a buffer containing 10 mM Tris-HCl (pH 7.4), 200 mM NaCl, 1% Triton X-100, and 1% NP-40. Cell lysates were centrifuged at 12 000 g for 10 min, and the resulting supernatant was incubated with appropriate antibodies at 41C for 16 h. Protein A-sepharose was then added to the samples, and the protein A-sepharose bead/immune complexes were washed five times with lysis buffer prior to western blot analyses to detect co-immunoprecipitated proteins.
Statistical analysis
Data obtained from statistical analyses are presented as the mean±s.d. Student's t-test was used to determine the significant difference between two groups and one-way ANOVA was used for determining the significant difference among multiple groups. We considered the P-value o0.05 as statistically significant results.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
